sion problems are increasingly severe (Kü smenog lu and Muehlbauer, 1998). are needed to help restrict erosion (McPhee et al., 1997) .
biomass (3.52 Mg ha Ϫ1 ), improved HI (0.34), and larger seed yields (1.13 Mg ha Ϫ1 ). Biomass and seed yield were increased further by further contrast with cereals is that lentil residues are the selection of cultivars (5.11 and 1.32 Mg ha Ϫ1 , respectively). The easily fragmented during harvesting and tillage. Conse- are needed to help restrict erosion (McPhee et al., 1997) .
NHI increased more rapidly than HI and is unlikely to increase further
The difficulties experienced in meeting USDA Natural in the future. Future seed yield improvement will therefore depend Resources Conservation Service requirements for suron increased N accumulation. Reliance on N 2 fixation must be supface residues, and thus in maintaining eligibility for fedported by increased photosynthetic capacity and therefore by vegetaeral support, have consequently focused attention on tive biomass. An advantageous correlation between seed yield and biomass production and management in traditional lenresidue production seems likely to persist as crop improvement continues.
til-wheat cropping systems in the Palouse.
Throughout the past century cereal breeders have sought to increase grain yield primarily through the selection of traits which reduce the incidence of lodging, T HE SEEDS OF LENTIL are an important proteinand hence which permit cereal crops to benefit from and carbohydrate-rich food in many developing reincreased applications of N fertilizer and assured supgions and are becoming increasingly popular in develplies of water (Austin et al., 1980; Hay, 1995) . The incoroped countries where they are perceived as a healthy poration of dwarfing genes in the 1960s increased grain component of the diet (Savage, 1991) . Lentil seed yields yield potential dramatically while reducing straw proare small relative to those of cereals: the world average duction substantially. For example, when cultivars of in 1996 was just 0.83 Mg ha Ϫ1 , i.e., about one-third that English barley (Hordeum vulgare L.) released in 1900 of wheat (2.54 Mg ha Ϫ1 ) (FAO, 1997) . Despite the tradior 1980 were compared under uniform growing conditional use of lentil straw as feed, primarily for sheep tions the older ones yielded 4.5 Mg grain ha Ϫ1 compared and goats in the Middle East, biomass production has with 7 Mg grain ha Ϫ1 for the modern cultivars (Hay, not been a conscious selection target for lentil breeders 1995). Increased seed yield was almost entirely acuntil the last 20 yr (Erskine, 1983; Erskine et al., 1999) .
counted for by increased harvest index (HI; the ratio of However, the increasing need for organic residues to the dry weight of grain to that of above-ground biomass) help restrict soil erosion has stimulated interest in the from 0.36 to 0.48. In contrast with cereals, lentil cultivars breeding of lentils for biomass production (Whitehead et al., 1998; Erskine et al., 1999) . Nowhere is the need released prior to 1980 were mostly selections from germfor residue production greater than on the slopes of the plasm rather than the products of hybridization (Hawtin Palouse region of Washington and Idaho, USA, where et al., 1980) . More recently, breeding programs have about 90 000 Mg of lentils are produced annually (USA successfully produced improved genotypes from lentil Dry Pea and Lentil Council, 1996) and where soil erohybridization and selection. However, there is cause for concern that the already poor residue productivity of this grain legume crop could be further depressed if, randomized complete block design with three replicate plots genetic selection for increased HI (Summerfield and per harvest. The soil at Pullman was a fine-silty, mixed mesic Lawn, 1987 (Sinclair and de Wit, 1975 
MATERIALS AND METHODS
netting in order to trap any fallen leaves and fragments of
Plant Material
stems and branches. Seedlings from plants in each of these plots were threaded through netting covering the soil surface A genetic gradient of lentil genotypes, along which selection when they were about 4 cm tall. The netting was not unfolded for seed yield has progressively intensified, was investigated.
to cover the plants until the lowermost leaves began to senesce It comprised three genotypes from each of four cohorts, viz.
so that any shading effect would be minimized. These plots wild progenitors (Lo153 from Syria, Lo56 from Turkey and were also harvested at reproductive maturity, but fallen mateLo4 from Uzbekistan), landraces (the pre-1960 accessions PI rial was collected from inside the netting at regular intervals 211732 from Syria, PI 169527 from Turkey and PI 181949 from throughout the pod filling period. Both biomass (reduced on Afghanistan), older cultivars released in the 1970s (Chilean average by 15.2%; F ϭ 8.44; P Ͻ 0.05) and seed yield (reduced 78, Tekoa, and Laird) and modern cultivars or breeding lines on average by 22.8%; F ϭ 5.12; P Ͻ 0.05) were significantly [LC960254 (released as 'Mason' in 1996) , LC460266, and smaller in the netted plots than in those plots without nets. LC460199]. All of the cultivars and two of the landraces (PI The proportions of vegetation and pod material lost from each 181949 and PI 169527) had large yellow cotyledons. The land of the four genetic cohorts also differed significantly. Losses of race PI 211732 was a heterogeneous seed lot but only smaller pod and vegetative dry weights in the open plots was therefore seeds with green testas and orange cotyledons were sown. All estimated separately for each cohort, and as a respective prothree L. orientalis progenitors had very small seeds with brown portion of material standing at reproductive maturity, by the testas and red cotyledons, which were scarified prior to sowing following equation: in order to improve the rate and percentage of germination.
Where L ϭ estimated biomass lost, DN ϭ mean biomass All 12 genotypes were sown at Pullman, WA, (46Њ 46Ј N, 117Њ 12Ј W) on 9 May 1996 and again on 12 May 1997, and 1 Mention of trade names does not imply endorsement of or discrimination against any other product by the authors.
at Reading, UK (51Њ 27Ј N, 0Њ 0Ј W) on 21 March 1997 in a dropped from plants in the netted plots, RN ϭ mean biomass N ha
Ϫ1
) were always carried out on data transformed to log 10 (x ϩ 1), and analyses of HI were performed on data transrecovered at reproductive maturity from the netted plots, and R ϭ biomass recovered at reproductive maturity in each unformed to arcsin x in order in both cases to improve homogeneity of the respective variances (Mead et al., 1993) . covered plot. The factors DN/RN were 1.77, 0.04, 0.14, and 0.14 for pods, and 0. 54, 0.20, 0.47, and 0.38 Analyses of biomass and total N (i.e., biomass, residue production, pod wall, seed yield, biomass of fallen material and total and was substantially less than that received at Reading 55  46  75  94  100  145  43  54  70  PI 181949  59  47  75  91  101  144  37  54  69  PI 211732  56  48  77  86  99  144  33  51  67  Chilean 78  54  48  73  91  99  149  39  51  76  Tekoa  54  47  73  94  99  148  43  52  75  Laird  61  57  80  96  107  152  40  50  72  LC960254  54  45  73  86  96  139  35  51  66  LC460266  53  45  73  89  97  148  38  52  75  LC460199  56  52  77  89  98  149  36  46  72  Progenitors  53a †  50a  71a  92a  98a  143a  40a  49a  71ab  Landraces  57b  47a  76b  90a  100a  145a  34b  53a  69a  Older cultivars  56ab  50a  76b  94c  101a  150b  38ab  51a  74b  Modern germplasm  54a  47a  75b  88b  97b  145a  33b  50a  71ab Root MSE 2.8 2.1 1.0 2.1 3.5 3.7 3.1 4.4 3.7 † Cohorts means within columns which share the same letter(s) are not significantly different at P ϭ 0.05.
(1.32 mm d Ϫ1 ) (Fig. 1) . The Reading crop also received to the older (pre-1980) cultivars (5.11 Mg ha Ϫ1 ) in all three experiments (P Ͻ 0.05; Fig. 2 ). However, no furmore rainfall during the reproductive period (148 mm or 1.74 mm d Ϫ1 ) than did the plots at Pullman. Rainfall ther improvement in biomass was found on moving from the older cultivars to the modern germplasm (5.06 Mg receipt during reproductive growth was however very different in the two Pullman experiments, i.e., a meager ha Ϫ1 ) in any of the three experiments, and at Reading in 1997, the biomass of the modern germplasm was no 7 mm (0.14 mm d Ϫ1 ) in 1996 compared with 63 mm (0.99 mm d Ϫ1 ) in 1997 (Fig. 1) . Maximum temperatures during greater than that of the landraces ( Fig. 2 ; Table 2 ).
Residue production (stems, leaves, and pods includreproductive growth were very similar at Pullman in 1996 (averaging 27.9ЊC) and 1997 (27.8ЊC) and were ing dropped material, but excluding nodulated roots) was correspondingly smallest in the progenitors (which much warmer than those at Reading (22.7ЊC). The 1996 Pullman crops were therefore subjected to terminal had a mean residue production averaged over the three experiments of just 0.61 Mg ha Ϫ1 ). The landraces prodrought sooner and consequently matured earlier (on average after 91 d from sowing) than did those in 1997 duced more residue (2.38 Mg ha
) than the progenitors (P Ͻ 0.001 in each experiment) but less than those of (99 d) and especially so compared with Reading (146 d) ( Fig. 1; Table 1 ).
the older cultivars (3.79 Mg ha Ϫ1 ; P Ͻ 0.01 at Pullman in 1996 and Reading in 1997, and P Ͻ 0.001 at Pullman in 1997) in all three experiments (Fig. 2) . Residue pro-
Biomass Production and Residue Yield
duction by the modern germplasm was less than that Significant increases in biomass at reproductive matuproduced by the older cultivars in all three experiments rity were found on moving from the progenitors (which (averaging 3.10 Mg ha Ϫ1 ) (Fig. 2) . This difference was averaged just 0.72 Mg ha Ϫ1 over all three experiments) to the landraces (3.51 Mg ha Ϫ1 ), and from the landraces , respectively) were much greater than those at Pullman in 1996 (2.13 and became significant when data from all three experiments were combined (P Ͻ 0.01).
1.18 Mg ha Ϫ1 , respectively) ( Fig. 2 ; Table 2 ). This difference, we believe, may be explained in part by the slightly Biomass and residue production at Pullman in 1997 warmer temperatures (when averaged throughout crop duration) in 1997, but is more likely to reflect the higher rainfall, and especially that which fell during reproductive growth which encouraged continued branch production after flowering (Fig. 1 
The Relation between Seed Yield and Residue Yield
Seed yield was strongly and positively correlated with both biomass (Fig. 3 ) and residue yield (Fig. 4) in each experiment. In contrast, there is evidence that the increases in seed yield along the genetic gradient from progenitors to modern germplasm are related to relatively modest increases in HI (Tables 2 and 3 ). For example, averaged over the three experiments the HIs for progenitors, landraces, older cultivars, and modern breeding material were 0.19, 0.34, 0.28, and 0.40, respectively. There were, however, significant variations in the HIs of the 12 genotypes within each of the three experiments (Tables 2 and 3) , and even between genotypes within the same cohort in both years at Pullman (Table 3) . Furthermore, the mean HI across all genotypes was significantly different in each experiment and there was a significant interaction between experiment and genotype (Table 3) illustrating that environment and phenology play a large role in determining the HI of individual genotypes.
The phenology of the older cv. Laird was poorly cessively late (Table 1) 2). The HI of cv. Laird was further reduced by its rela-plasm (0.40 at Pullman and 0.31 at Reading) were significantly greater in 1997 than those of the older cultivars at both locations (0.23, P Ͻ 0.001 at Pullman and 0.21, P Ͻ 0.05 at Reading), but greater than the landraces only at Pullman (0.31, P Ͻ 0.05 at Pullman and 0.27, P Ͼ 0.05 at Reading). There was no difference in the HIs of the older cultivars and landraces at either location in 1997.
Seed Yield
Seed yields have improved consistently on moving along the gradient from the progenitors, which had meager average yields (including fallen seed) of just 0.11 Mg ha Ϫ1 over the three experiments, towards modern germplasm (1.95 Mg ha Ϫ1 ) (Fig. 2) . In all three experiments, the mean seed yield of progenitors was less than that of landraces which was less than that of older cultivars which was less than that of modern germplasm (Fig. 2) . The greatest improvements in seed yield were made on moving from progenitors to the landraces (from 0.11-1.13 Mg ha Ϫ1 over the three experiments, a more than 10-fold increase). The mean seed yields of progenitors and landraces differed significantly in all three experiments (P Ͻ 0.001).
Substantial increases in seed yield have also been made during the past two decades as a result of lentil breeding. The three modern genotypes out-performed all others in terms of seed yield in both years at Pullman ( Table 2 ). The modern breeding line LC460266 pro- accession LC460199 (Table 2) . Accession PI 181949 also , respectively; P Ͻ ments (Table 2 ). In the 1996 Pullman experiment, cv. 0.001). A similar relative increase in the mean yields of Laird performed relatively well in terms of seed yield modern germplasm (1.88 Mg ha Ϫ1 ) over older cultivars in comparison with the other older and modern cultivars (1.33 Mg ha Ϫ1 ) was almost significant in Reading (P ϭ but seed yields were generally poor and vegetative 0.07) (Fig. 2) . Although the mean seed yields of the growth was restricted by lack of soil moisture ( Table 2; older cultivars were greater than those of the landraces Fig. 1 ).
in all experiments (Fig. 2) , these increases were relaAt Pullman in 1996, values of HI were relatively large tively modest, and statistically insignificant (means did and less variable than in the other experiments because not differ at P ϭ 0.05). Genotypes within cohorts difvegetative growth was restricted by dry weather (Fig. fered significantly in seed yield in 1997 at both Pullman 1; Table 2 ). In these circumstances, the relatively small and Reading (Table 2 and Table 3 ). mean HI of the progenitors (0.33) accounted for much of the overall variation in HI between cohorts, although
Loss of Plant Material before
it differed significantly from only the greatest HI Reproductive Maturity achieved by the modern germplasm (0.49; P Ͻ 0.05). The mean HI of the landraces (0.45) and the older Substantial losses of biomass occurred towards the later stages of pod filling as the plants senesced (Fig.  cultivars (0.40) did not differ significantly from those of either the progenitors or the modern germplasm. 5). These losses were greatest in the older cultivars and modern germplasm which were almost leafless by reproProduction of vegetative biomass increased in 1997 by a much greater proportion than did seed yield compared ductive maturity. When those losses which occurred during harvesting are included, the total biomass lost with 1996 (Fig. 2) . Harvest indices were consequently smaller in 1997 ( Table 2 ). The HI of the modern germamounted to 0.17 Mg ha Ϫ1 for Lo153, 0.48 Mg ha Ϫ1 for PI 181949, 1.13 Mg ha Ϫ1 for Chilean 78, and 1.07 Mg minate and also had pods which shattered as they approached reproductive maturity. A large number of ha Ϫ1 for LC460266: these values represented 75, 13, 30, and 25% of biomass recovered at mature harvest, reseeds, and some pods, therefore fell from the progenitors before the stage at which 90% of the pods had spectively. All of the progenitors were strongly indeter- turned golden brown and the plants were considered values smaller than those of the leaves and were espemature for the purpose of harvesting. In the Lo153 plots cially depleted in the mainstem tissue (Table 4) . While seeds and pods with a dry weight equivalent to 0.06 Mg the N concentrations of the stem and branches of PI ha Ϫ1 [or 177% of the weight of (mostly empty) pods 181949, Chilean 78 and LC460266 were similar at both harvested at reproductive maturity] were shed from flowering and reproductive maturity the values for the plants before reproductive maturity. The more domestiprogenitor Lo153 remained greater than those of the cated genotypes shed less seed through pod dehiscence.
other three genotypes at reproductive maturity sugNevertheless a substantial quantity of pod and seed gesting a less efficient mobilization of N from stems and material fell from all genotypes: equivalent to 4, 14, and branches into seed (Table 4 ). 14% of the pod (including seed) material recovered at Samples for total N analyses were taken from plots reproductive maturity for PI 181949, Chilean 78, and sown on 11 April 1997 at Pullman which produced LC460266, respectively. greater biomass and seed yield than those sown on 9 May 1996 and 12 May 1997 in Pullman, and on 21 March
Nitrogen Accumulation and Partitioning 1997 in Reading (Table 2, Table 5 ). Biomass productivity was generally impressive in these early-sown plots The N concentrations in seeds were similar in all of and also reflected the pattern previously seen in which the four genotypes sampled and there was no evidence the modern cultivar (LC460266) produced less residues that values had changed as a consequence of selection than the older cultivar (Chilean 78) but more than the for seed yield (Table 4) . Similarly, in all of the genotypes landrace (PI 181949) and much more than the progenistudied, leaf N concentrations were significantly greater tor (Lo153) ( Table 5) . Since the N concentration of seed at flowering than at reproductive maturity (F ϭ 211.7; was similar in the four genotypes studied the quantity P Ͻ 0.001) indicating that leaves were losing N, probably of N harvested in seed was almost entirely determined as a result of reallocation to seed, during pod filling. By by seed yield and was therefore greatest for the most reproductive maturity even those leaves which reproductive cv. Chilean 78 (185.8 kg N ha Ϫ1 , Table 5 ). mained attached to the plants of genotypes other than In these plots, HI increased along the genetic gradient the progenitors were no longer green. The concentraas selection for seed yield intensified (Table 5 ). The N tions of N within attached (Table 4 ) and fallen leaves harvest indices (NHI), i.e., the proportion of total N (21.4, 19.1, 16.1, and 17 .3 mg g Ϫ1 for Lo153, PI 181949, within above-ground biomass (excluding shed senesced Chilean 78, and LC460266, respectively) were therefore leaves) harvested in seed, were much greater than the similar in all of the four genotypes. The N concentraproportion of above-ground biomass which was hartions of stems and branches were smaller than those of vested in seed (HI) in all four genotypes (Table 5) . The leaves at flowering, and also declined during pod filling.
NHI also increased substantially throughout domesticaAt the time of reproductive maturity, the N concentrations of the mainstem and branches had declined to tion: from 0.35 for Lo153 to 0.85 for LC460266 (Table 5 ), suggesting that future improvements may be conthat HI could be increased and seed yields consequently further improved by the selection of more determinate strained more by N nutrition than by C metabolism. Despite these increases in NHI, the potential net gain genotypes in which the flowering period is condensed and a greater proportion of nodes bear pods. In such in soil N when residues were incorporated into soil after the harvest of seed doubled along the gradient from genotypes, assimilates are partitioned to pods, rather than to continued vegetative growth and the production about 20 kg N ha Ϫ1 for Lo153 to almost 40 kg N ha
Ϫ1
for Chilean 78 (Table 5 ) because of improved residue of late pods which may not produce mature seed by the time of harvest. Selection for early flowering is also production (4.13 Mg ha Ϫ1 for Lo153 to 14.1 Mg ha Ϫ1 for Chilean 78, Table 5 ).
likely to increase HI by increasing the proportion of crop duration during which pods are filling and through the avoidance of late-season drought (Erskine, 1983;  DISCUSSION Silim et al., 1993) . However, since seed yield is dependent upon DM accumulation (Lawn, 1989) , these apLentil crop improvement has led to consistent inproaches have obvious limits. Seed yield can only be creases in both biomass production and seed yield. A maintained in increasingly early cultivars through more strong and positive correlation between seed yield and rapid pre-flowering biomass accumulation, which will biomass, similar to that reported by Erskine (1983) for tend to reduce HI (Whitehead et al., 1998) . It is fortu-3586 accessions in what was at that time the world lentil nate that the advantageous correlation between seed germplasm collection grown in Syria, was found whenyield and biomass production shows no sign of deviation ever the genotypes investigated here were phenologifrom traditional trends (Fig. 3) . cally suited to their production environment. The pro-
The shedding of seeds from the dehiscing pods of duction of vegetative biomass is correlated positively the progenitors and the loss of intact pods or seed from with seed yield because more reproductive nodes are shattering pods of other genotypes shortly before reproavailable on taller and more bushy plants, and because ductive maturity tended to cause underestimations of additional photosynthetic capacity from a more leafy both seed yield potential and HI. The further loss of canopy is available to meet the increased demands for biomass because of the senescence and drop of leaves carbon assimilate for DM accumulation and N 2 fixation, during the later stages of pod filling was also substantial. especially after flowering.
Losses of vegetation similar to those reported here have Improvements in HI achieved along the genetic gradibeen reported in many other grain legumes and have ent from the landraces to the modern genotypes have led to under-estimates of total biomass production and been modest; values are inconsistent and strongly influover estimates of HI (Hay, 1995) . For example Khannaenced by environment. Sinha et al. (1982) hypothesized Chopra and Sinha (1987) found that leaves and petioles that the HI of grain legume crops will always tend to constituting 20 to 30% of total DM were lost from a be smaller than those of cereals because of the greater crop of chickpea (Cicer arietinum L. [Vigna unguiculata (L.) well be sufficient to disregard fallen vegetation and to Walp.; Fernandez and Miller, 1985] . make comparisons on the basis of material recovered The HIs recorded in the experiments reported here at harvest. However, in circumstances where environvaried greatly between genotypes grown in the same mental conditions influence rates of leaf senescence and/ conditions, and between genotypes of the same cohort. or seed loss differentially, i.e., where some genotypes Harvest index was also strongly affected by environare inclined to lose more vegetation or seed than others ment: values were much greater at Pullman in 1996 (as is the case for seed loss from progenitors of lentil), (averaging 0.42), under conditions in which vegetative or where the production of vegetative biomass per se growth was restricted by limited soil moisture, and much is important it is impossible to ignore the fallen material. smaller under the relatively cool and damp conditions Some physiologists have therefore chosen to present experienced at Reading (averaging 0.22), where vegetatheir data in terms of maximum total DM production, tive growth was much greater. However, under the weti.e., absolute maximum biomass as distinct from recoverter conditions experienced at Pullman in 1997, the efable biomass at reproductive maturity (see McKenzie fects of drought stress were reduced and genetically and Hill, 1990). We too have estimated the amount of controlled variations in HI became more apparent. In material lost on the basis of the collection of material these circumstances, HI increased on moving along the from a number of netted plots. genetic gradient towards modern germplasm.
Given the large N requirement for seed production Seed yield in lentil is dependent upon the production the potential net soil N gain resulting from the incorpoof nodes and the proportion of them which become ration of lentil residues in this experiment was modest. reproductive. Notwithstanding the strong positive rela-
The maximum amount of N returned to the soil was tion between above-ground biomass and seed production during domestication (Fig. 3) , it remains possible 39.5 kg N ha Ϫ1 from the residues of cv. Chilean 78. This value is similar to previously reported figures for lentil, to continue to improve lentil HI, and especially NHI. Nevertheless, there is, to date, no sign of a yield plateau e.g., 40 to 80 kg N ha Ϫ1 (Cowell et al., 1989; van Kessel, 1994; Kurdali et al., 1997) . The potential N returned to for lentils (Fig. 2) and so it seems that prospects for further improved biomass and seed yield are good. Furthe soil (excluding that from senescing nodulated roots, which remains to be quantified) was a function of the thermore, the advantageous relation between seed and residue production seems likely to continue as lentils DM of residue returned to soil and therefore seems likely to increase as seed yield, and therefore biomass undergo further crop improvement. Thus, the potential of lentil to provide straw for feed and/or the residues increases (Table 5 ).
The concentrations of N in lentil seeds, stems, and needed to help in the restriction of soil erosion should also continue to improve in the years ahead. leaves reported here are similar to those cited previously (40, 11, and 28 mg g Ϫ1 , respectively; Kurdali et al. 1997 ).
